Abstract: Femoral cannulation is a minimally invasive method which is an alternative method for central cannulation. This review focuses on the parameters and features of the available peripheral cannulas. Nowadays there exist many peripheral cannulas in a variety of sizes, configurations and lengths to meet the specific needs of the patients. Modern cannulas are strong, thin-walled and one piece reinforced constructions. Furthermore, modern cannulas are manufactured from a biocompatible material and surface coatings are applied to the cannulas to reduce the activation of the clotting. When peripheral cannulas are applied, bleeding, thrombosis and hemolysis are the most common complications.
Introduction
Extracorporeal membrane oxygenation (ECMO) is a device that is used to support the failing lung and/or heart function. It is frequently used as a bridge to decision, ventricular assist device or for heart transplantation [1, 2] . Likewise, successful use of ECMO has been reported in patients with circulatory collapse, due to acute cardiogenic shock, acute decompensation of congestive heart failure, drug intoxication, massive pulmonary embolism, acute respiratory distress syndrome, accidental hypothermia and cardiopulmonary resuscitation [3] [4] [5] . The principle of ECMO is to draw a portion of the body's blood outside of the body, oxygenate it and then return it into circulation [6, 7] . There are two types of ECMO. Extracorporeal membrane oxygenation in veno-arterial configuration (VA-ECMO) provides right atrium-to-aortic circulatory support [8] and is commonly used for patients with various etiologies of cardiogenic shock [9] . Extracorporeal membrane oxygenation in veno-venous configuration (VV-ECMO) provides right atrium-to-inferior vena cava circulatory support [8] and is commonly used for patients with respiratory failure [9] .
Cannulas are used to provide the interface between the patient and the extracorporeal circuit. The peripheral ECMO cannulas are used for peripheral vessel cannulation. The main advantage of peripheral cannulation is that it does not require entering the chest for initiation of ECMO [9] .
This review focuses on the available types and general properties of peripheral cannulas. The main tendencies of the currently used peripheral cannulas are discussed in this review. Complications relating to the peripheral cannulas during the ECMO are also presented.
Types of peripheral cannula
The peripheral ECMO cannulas provide greater versatility for cannulation techniques and strive for smaller incisions.
Single-lumen peripheral cannulas
Single-lumen peripheral cannulas are used to provide venous and arterial access for VA-ECMO or multiple site venous access for VV-ECMO [10] [11] [12] [13] .
The deoxygenated blood is drained through an inflow cannula. The oxygenated blood is returned via an outflow cannula [14] (Figure 1 ). Basically, a single-lumen peripheral cannula is an elastic tube with an orifice at the tip [10, 15] and side holes. It has been shown that the side holes decrease the mechanical stress on blood components [16] .
The alternative type of a single-lumen peripheral cannula is a Smartcanula (Smartcanula ® , Smartcanula LLC, Lausanne, Switzerland) ( Figure 2 ). Its wire structure of the virtually wall-less device contrasts with the current design of the percutaneous cannulas. There is a virtually wall-less cannula with the open wall (mesh structure) which allows collapsed insertion and expansion in situ [15, 17] . The design of Smartcanula allows decreasing the pressure drop throughout the cannula, thereby increasing the extracorporeal blood flow.
Double-lumen peripheral cannulas
Double-lumen cannulas combine both drainage and reinfusion lumens into one cannula [16] (Figure 3 ). This type of cannula is less invasive and provides venovenous support via a single jugular venous access site [10] . The right jugular vein cannulation has a much shorter route to the right atrium than the femoral cannulation. It can accommodate a much larger cannula for higher performance [18] . Using this type of cannula reduces the circuit size, which minimizes blood cells and circuit interaction. Nevertheless, the cannula size is much larger than that of the standard peripheral cannula and it is not very elastic which complicates its admission [18, 19] . If the fluoroscopy is not available, the insertion of the double-lumen cannula is not recommended, because of the risk of right ventricular perforation [19] .
Cannulas' position
In the veno-arterial configuration of ECMO, an inflow peripheral cannula is inserted via the femoral vein or via the right internal jugular vein with its tip in the right atrium. The outflow cannula is inserted via the femoral artery with the tip position in the iliac artery or in the distal abdominal aorta. Another approach of an inflow peripheral cannula insertion is via the subclavian artery with the tip position into the ascending aorta [3, 5, 6, 9, [20] [21] [22] .
In the veno-venous configuration of ECMO, the peripheral cannulas are usually introduced via the femoral and jugular veins with the cannula tips at the border between the right atrium and the superior and inferior caval veins to minimize recirculation [23] . In the case of using a double-lumen cannula, the right-sided jugular vein is used for insertion [9, 22, 24, 25] .
Material
Modern cannulas are strong, one-piece polyurethane molding construction. The cannulas are manufactured from biocompatible silicone polyurethane polymer, which may be coated with polymers that may reduce platelet activation and the inflammatory response at the blood-cannula interface. Cannulas combine flexibility and resistance, e.g. polyurethane has high material strength at room temperature and becomes more malleable at body temperature (this aids the insertion of the cannula) [10, 16, 21] .
The cannulas are constructed with a reinforced stainless steel (SS) wire. Wire reinforcement of the cannula walls is used to prevent kinking or collapse [10, 16, 26] . This type of design provides longer-term ambulatory application [18] . The cannulas that were manufactured from non-wire-reinforced polyurethane were deformed after insertion. Kinking and collapse of the cannula caused by excessive suction can result in a disastrous interruption of ECMO flow [10] .
A rigid cannula introducer is made of polyvinylchloride with an embedded SS rod [18] .
Surface coating
Nevertheless, modern cannulas are made of biocompatible materials and surface coatings are applied on the cannula to reduce the activation of the clotting; control of blood clotting is mandatory during the extracorporeal life support (ECLS) [16, 21] .
Currently, the trends are to prevent blood clotting without using anticoagulants [27] . Heparin-coated surfaces result in reduced complement and inflammatory activation due to its anti-inflammatory properties. Nevertheless, heparin causes the development of osteopenia and thrombocytopenia [16, 28] . Heparin-coated surfaces can release cytokines, which exert a damaging effect on the lungs [29] . Furthermore, heparin-based coatings can leach into the blood and result in the exposure of the blood to extremely high heparin doses (>50 U/kg) [30] . This can cause excessive bleeding and can be lethal.
Nowadays biocompatible surfaces more closely resemble the physiological endothelium. The coatings have a hydrophilic outer layer and some contain negatively charged groups to repel negatively charged proteins and platelets and thereby create a layer between the components of human blood and the artificial surface. For example, "Balance Biosurface" by Medtronic and "X Coating" by Terumo [16] .
An alternative coating material for ECLS cannulas is bivalirudin (BVLD). BVLD is a short, synthetic peptide, derived from hirudin, that is potent, highly specific and a reversible thrombin inhibitor which is used as a surface coating. It was reported that BVLD was covalently conjugated on plasma polymerized allylamine (PPAam) coated 316L SS to develop an anticoagulant surface. The BVLD-PPAam-modified 316L SS disk was implanted in the femoral artery of dogs for 5 weeks. The anticoagulant surface prevented thrombosis formation by rapidly growing a homogeneous and intact endothelium on its surface [16, 28] .
The next nonheparin coating is tethered-liquid perfluorocarbon (TLP). The TLP resisted adhesion of fibrin and platelets, suppressed biofouling and reduced thrombosis and bacterial adhesion. Medical materials with a TLP coating have antithrombogenic and antibiofouling surfaces that do not require co-administration of antiplatelet, anticoagulant or antibiotic medications. It was reported that the TLP-coated tubing and catheters in large blood vessels in pigs retained their ability to prevent occlusive thrombus formation for 8 h without the use of blood thinners such as heparin [27, 30] .
Dimensions
The size and location of the inflow and outflow cannulas impact tissue oxygenation as well as the degree of cardiac support provided. The intent of appropriate cannula choice is to provide full flow without damaging the cells, particularly erythrocytes, from excessive shear stress and turbulence [9] . The currently used peripheral ECLS cannulas for adults typically range from 18 to 29 Fr for venous and 13-23 Fr for arterial cannulas [9, 21, 31] . The doublelumen cannula sizes for adults are from 13 to 31 Fr for Avalon Elite Bi-Caval Dual Lumen Catheters [32] and from 13 to 32 Fr for OriGen dual lumen catheters [33] .
For adult patients, the cannula length is variable and may range from 50 cm for inflow and from 18 cm for outflow cannulas depending upon the manufacturer, the anatomy of the patient and the vasculature [21] . The insertion length of peripheral cannulas for adults may vary in range from 38 to 55 cm for inflow and from 15 to 23 cm for outflow cannulas [31] . For double-lumen cannulas, Avalon Elite Bi-Caval Dual Lumen Catheters, the insertable length range is from 11 cm to 31 cm [32] . The insertable length of OriGen dual lumen catheters is from 8 cm to 25 cm [33] .
By minimizing the cannula thickness, the internal diameter increases thereby obtaining the highest flow efficiency and cannula flexibility with the smallest anatomical footprint [8, 18] . Nowadays, the ultrathin wall of percutaneous cannula achieves a thickness of 0.48 mm for adult cannulas and 0.38 mm for pediatric cannulas [34] . Doublelumen cannula for VV-ECMO has a wall thickness of 0.7 mm with a thin membrane sleeve of the infusion lumen inside the main body with a wall thickness of 0.3 mm [18] .
There are a lot of opinions regarding recommending the cannula size. The size of the cannula is recommended depending on the patient's anatomic features and the weight or body surface area (BSA) [14, 21, 35] . Depending on the patient's anthropological parameters, the cannula should reach from the peripheral insertion point to a central location. Some data suggest that the cannula size should be determined in relation to the actual size of the vessel [10, 16, 21, 35] .
Nevertheless, because many different cannulas exist, studying the flow chart of each cannula is commonly used to determine the appropriate size [36] . The cannula provides a resistance within the ECMO circuit and, therefore, creates a pressure drop (the difference between the pressure entering the cannula and that of leaving) across it [24] . The pressure-flow characteristics of cannulas are dependent on their length and internal diameter [37] .
Pressure drop versus flow charts of the outflow and inflow cannulas from the manufacturers is based on the evaluations using water as the testing solution [38] at an ambient temperature. The blood flow in the circuit during ECMO may vary depending on blood viscosity, the patient's anatomy and circuit configuration.
With a higher pressure across the cannula, there is an increase in jetting at the tip, that can cause intimal damage to the vessel [24] . The high pressure flow becomes turbulent [16] and may damage the red blood cells. In addition, it can be the cause of microbubbles [39] and induce bubble emboli.
The accepted limit of pressure drop is 100 mm Hg. This should not ordinarily be exceeded [24] .
Therefore, the largest possible cannula can be recommended to maximize blood flow. Nonetheless, small cannulas provide support by reducing bleeding complications [40] , the risk of vascular damage, ischemia and obstruction of arteries [39] .
Complications
ECMO is an effective circulatory support technology. Nevertheless, this method has a number of complications [8, 22, 41] . The most common complications of currently used peripheral cannulas are bleeding, thrombosis and hemolysis.
Bleeding
Bleeding is the most frequent complication for patients receiving ECMO therapy [3, 39] . Brunner et al. [3] reported a meta-analysis, in which 20 studies were analyzed including 1866 patients in whom bleeding was estimated at a rate of 41%. The most frequent source of hemorrhage is the femoral cannula insertion site. Currently, the most commonly used antithrombotic therapy is systemic anticoagulation with unfractionated heparin, which is associated with its well-known complications including bleeding (patient) and clotting (circuit) [3, 39] . Systemic anticoagulation complications in ECMO support have not really reduced despite developments in technology and monitoring methods [3] .
Ischemia
Vascular issues are the second most frequent complication of using cannulas. Local complications can occur particularly at the site of the peripheral insertion of ECMO. The most concerning is the lower extremity ischemia [3, 9, 39] , which is induced by obstruction of the femoral artery by the outflow cannula during VA-ECMO, which occurs in 10-20% of the patients [39] . For this reason, some centers attempt to restore the cannulated limb perfusion after noting the absence of anterior and posterior tibial artery flow. The flow is restored by inserting a 5-10 Fr percutaneous reperfusion catheter distally to the arterial cannula ( Figure 4 ) by means of a vascular ultrasound scan as soon as possible after ECMO implantation. The reperfusion catheter is joined by a short tube to the side port of the cannula and it enables the individual perfusion of the lower limb [3, 5, 9, 24, 37, 39] .
Matsui et al. [5] reported a cannula, which has a simple structure with two small holes with a diameter of 2 mm in the side wall at the distance of 103 and 110 mm from the tip of the cannula, which could provide the distal limb with blood flow without specialized techniques ( Figure 5 ). There is a marking line on the opposite side of the two side holes [5] .
Hemolysis
Hemolysis during ECMO therapy remains a concern with a reported incidence between 5 and 18%. The major contributors are technical-induced hemolysis that may consist of sub lethal damage to erythrocytes by shear stress, high ECMO blood flow in the instance of high flow velocity through small cannulas, cavitation in the instance of hypovolemia and pressure changes within the oxygenator thrombosis upon the membrane. Consequently, renal insufficiency or multiple organ failure can appear [3] .
Conclusion
This paper reviewed the main parameters of peripheral cannulas and problems relating to the peripheral cannulas for the ECMO therapy. Today's peripheral cannula has one-piece, biocompatible, thin-walled, kink resistant, wire-wound bodies. Construction of the cannula maximizes flow rates and flexibility. Reported information can help to determine trade-offs or help managers to plan to reduce the risk of failure and injury and improve the efficiency of ECLS therapy. Informed consent: Informed consent is not applicable. Ethical approval: The conducted research is not related to either human or animals use.
